Chitosan oligosaccharide (COS), an oligomer of D-glucosamine, is a vital growth stimulant in the pig industry. However, the mechanisms by which COS mediates pig growth are not fully understood.
Introduction
Antibiotics, as growth promoters and therapeutic medicine, have been used in animal production for many years. 1 However, there is a growing concern over the use of antibiotics in livestock industry because it has caused many adverse effects including the emergence of bacteria resistant to antibiotics and the potential of producing drug residues in animal products.
2,3
Therefore, increasing attention has been paid in the feed industry to develop safe, effective and residue-free antibiotic alternatives. Among omnifarious antibiotic alternatives, functional oligosaccharides (commonly referred to as prebiotics) are gaining outstanding consideration due to their multiple biological activities, which have potential benets to animals.
4,5
Chitosan oligosaccharide (COS) is a degradation product of chitosan prepared from the deacetylation of chitin, the second most abundant polymer in nature aer cellulose. 6 Compared to chitosan, COS has a higher water solubility and lower viscosity, thus, it is readily absorbed through the intestine and mainly excreted in the urine. Moreover, COS has been demonstrated to possess several biological activities including anti-inamma-tion, 7, 8 anti-tumor, 9,10 anti-hypertension, 11, 12 anti-microbial 13, 14 and anti-oxidation. 15, 16 Due to these properties, COS can be used as a pro-growth dietary supplement for animals, as well as an antibiotic alternative. 17 Notably, COS has been used as a feed supplement to improve growth performance and nutrient digestibility in weaning pigs. 18 COS supplementation can also improve the small intestinal morphology and decrease the incidence of diarrhoea in weaned pigs. 19 Weaning stress has been reported to disturb intestinal health balance, which is associated with morphological and physiological changes that include intestinal inammation, villous atrophy, crypt hyperplasia and reduced epithelial brush border activity. 20, 21 Additionally, a recent study indicated that weaning could induce oxidative stress, resulting in oxidative damage in pigs. 22 Collectively, these factors favour diarrhoea, translocation of bacteria and reduce the digestive and absorptive capacity of small intestinal enterocytes, resulting in a decrease in daily weight gain and causing serious economic losses in the pig industry. In the past, postweaning disorders were controlled using antibiotic growth promoters in weaned pig diets. 23 Currently, specic dietary interventions can offer a viable and practical alternative to antibiotics that alleviates physiological disorders aer weaning. Certain nutrients, such as COS, may play an active role in maintaining the intestinal development, as well as in down-regulating oxidative stress. 24 However, the causal link between COS and the improvement in pig health status remains largely unknown. Hence, further clarication is necessary.
Accordingly, the present study was conducted to elucidate how dietary COS supplementation confers benecial effects in weaned pigs. The ndings provide advanced insight into the mechanisms underlying COS-mediated weaned pig growth acceleration. Furthermore, the results suggest that using dietary nutrient components, such as COS, to enhance growth in weaned pigs deserves further attention in the future.
Materials and methods

COS preparation and composition measurement
COS was prepared by enzymatic hydrolysis of chitosan, according to a previously published method. 25 Briey, chitosan (0.5 g) was dissolved in 2% acetic acid (10 mL), and the pH adjusted to 5.6. The enzyme mixture (5 mg) pre-dissolved in 0.05 M acetate buffer, was then added and the solution incubated at 40 C for 40 min. Hydrolysis was terminated by boiling for 10 min. The hydrolysate was then ltered through a hollow bre membrane. The ltrate containing crude COS, was added to ethanol and the mixture stirred, forming a supersaturated solution that was stored at 4 C overnight. Subsequently, the insoluble precipitate was ltered through Whatman 1 lter paper, under vacuum. The obtained COS solution, with a concentration of approximately 20% (v/v, COS/ethanol) was concentrated by drying on a rotary evaporator and the dried COS powder was then dissolved in water. An aliquot was analysed using high-performance liquid chromatography (HPLC) and matrix-assisted laser desorptionionisation time-of-ight mass spectrometry (TOF-MS).
Animals and experimental treatments
A total of 32 healthy pigs (Landrace Â Yorkshire), weaned at 28 days with an initial body weight of 7.78 (AE0.09) kg were randomly assigned to two treatments (n ¼ 16). The dietary treatment groups were as follows: (1) a basal corn-soybean diet (control, CON) and (2) the basal diet supplemented with 100 mg kg À1 COS (termed COS).
All pigs were housed in individual metabolism cages (0.7 Â 1.5 m) in a temperature-controlled nursery (24) (25) (26) C) during the entire 3 week experimental period. On days 18-21, the nutrient digestibility was measured using acid insoluble ash (AIA) as an endogenous indicator. The diets were formulated to meet or exceed the nutrient requirements recommended by the National Research Council (NRC) (2012), 26 and their compositions are shown in Table 1 . Throughout the experimental periods, the pigs were fed their respective diets three times per day at 8:00, 13:00 and 18:00 h. Water and feed were provided ad libitum to the pigs and the pigs were exposed to natural lighting throughout the experiment.
Growth performance measurement
Individual pig body weight was recorded at the start and end of the experiment, before feeding. All feed remaining in the feed trough at the next feeding was weighed and subtracted from the daily allowance to determine actual daily feed intake. Average daily body weight gain (ADG), average daily feed intake (ADFI) and the ratio of feed to gain (F/G) were calculated from the values described above.
Sample collection and preparation
Representative feed samples from each dietary treatment were collected and stored at À20 C until chemical analysis. Faecal samples were collected from days 18-21 during the trial, to determine the apparent nutrient digestibility (crude protein, crude ash, crude fat, dry matter, gross energy, calcium and phosphorus). Aer each collection, 10% HCl was added for xation of excreta nitrogen. Faeces, from 4 days of each replicate, were mixed thoroughly and dried at 60 C for 72 h, then ground to pass through a 1 mm screen and stored at À20 C to analyse the key nutrient contents. At 08:00 h on day 22, aer an overnight fast, blood samples were collected from the precaval vein into non-heparinised vacuum tubes and centrifuged (3000 Â g) at 4
C for 10 min.
Aer bleeding, all pigs were electrical stunned and killed by exsanguination, the abdomen was immediately opened to collect the digesta and intestinal sections from the gastrointestinal tract. Approximately 2 cm segments from the same duodenal, jejunal and ileal sections were rinsed several times with ice-cold phosphate-buffered saline, and then stored in 4% paraformaldehyde solution for histological analyses. Thereaer, the rest of the duodenum, jejunum and ileum were taken to collect mucosal scrapings that were immediately snap-frozen and stored at À80 C, pending measurement of the digestive enzyme activities, secretory IgA (sIgA) content and quantitative real-time polymerase chain reaction (qPCR) analysis. Finally, digesta from the ileum, caecum and colon were collected and stored at À80 C for microbial population measurements.
Chemical analyses
The apparent nutrient digestibility was measured using AIA as the indicator. The AIA in diets and faecal samples was determined as described by the Standards Press of China (2009). 27 All diet and faecal samples were analysed for dry matter (method 930.15), crude protein (method 990.03), crude fat (method 945.16), crude ash (method 942.05), calcium (method 927.02) and phosphorus (method 995.11), as described by the AOAC (1995). 28 Gross energy was determined using an oxygen bomb calorimeter (Parr Instrument Co., Moline, IL, USA). The apparent nutrient digestibility (%) ¼ 100 À A 1 F 2 /A 2 F 1 Â 100, where A 1 represents the AIA content of the diet; A 2 represents the AIA content of faeces; F 1 represents the nutrient content of the diet and F 2 represents the nutrient content of faeces.
Biochemical analysis of serum
Analyses of cytokines and immunoglobulins. Porcinespecic ELISA kits (Cell Biolabs, San Diego, CA, USA) were used to quantify the serum inammatory factors (interleukin (IL)-1, IL-6, IL-10 and tumour necrosis factor (TNF)-a) and the immunoglobulin (IgA, IgG and IgM) concentrations, in accordance with the manufacturer's instructions. Inammatory factors and immunoglobulin concentrations were presented as pg mL À1 and mg mL À1 of serum, respectively.
Measurements of antioxidant-related indices. The effects of COS ingestion on the antioxidative reactions, were determined by measuring several antioxidants in the serum, such as glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), as well as total antioxidant capacity (T-AOC) and malondialdehyde (MDA) content. All corresponding detection kits used in the present study were supplied by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
GSH-Px activity was assessed according to the method of Zhang et al. 29 by quantifying the rate of hydrogen peroxide (H 2 O 2 )-induced oxidation of reduced glutathione (GSH) to oxidised glutathione (GSSG). A yellow product, with absorbance at 412 nm, was formed on reaction of GSH with 5,5 0 -dithiobis-(2-nitrobenzoic acid). One unit (U) of GSH-Px was dened as the amount that reduced the level of GSH by 1 mmol L À1 in 1 min per mL serum. Serum GSH-Px activity was expressed as U mL À1 serum.
SOD activity was measured spectrophotometrically at 550 nm using a method described in a previous study. 30 In this technique, superoxide ions are generated by the xanthine/ xanthine oxidase system, which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red formazan dye, used as the detector. SOD activity, which inhibits the formation of the formazan dye, was presented as U mL À1 serum, and 1 U of SOD denotes 50% of inhibition of superoxide ion production in the reaction.
CAT activity was examined using the colourimetric method described byÖzmen et al. 31 The enzymatic reaction was terminated by the addition of ammonium molybdate, which generated a light-yellow composite that could be measured at 405 nm. CAT activity was expressed as U mL À1 serum, and 1 U of CAT denes the amount of enzyme needed to decrease 1 mmol L
À1
of H 2 O 2 at 37 C for 1 s per mL serum.
T-AOC determination enabled the evaluation of the total activities of several parameters, including the polyphenol complexes, protein thiol groups, vitamin C, vitamin E, and glutathione, all of which can convert Fe 3+ to Fe 2+ . Fe 2+ can then combine with phenanthroline to form stable and coloured chelates. T-AOC was estimated at 550 nm and expressed as U mL À1 serum. In this assay, 1 U represents a 0.01 increase in the absorbance value in 1 min per mL serum. MDA content was examined according to a procedure used by Livingstone et al., 32 whereby MDA reacts with thiobarbituric acid (TBA) in an acidic medium at 95 C for 30 min. The pink product was spectrophotometrically determined at 532 nm. The MDA content was expressed as nmol mL À1 serum.
Duodenal, jejunal and ileal histomorphological studies
A 1 cm long segment of the small intestine (including the duodenum, jejunum and ileum) was mixed in 10% neutral buffered formaldehyde. The mixed tissue samples were dehydrated with normal saline and then embedded in paraffin.
Cross sections of each sample were prepared, stained with haematoxylin and eosin (H&E) and then sealed by a neutral resin size. Ultrathin sections of the duodenal, jejunal and ileal samples were examined for the villus height and crypt depth with image processing and analysis system (Media Cybernetics, Bethesda, MD, USA). Villus height was calculated from the tip of the villi to the villus-crypt junction. 33 Crypt depth was expressed as the invaginated depth between adjacent villi. A total of 10 intact, well-oriented crypt-villus units were analysed in triplicate per segment. The ratio of villus height to crypt depth (V/C) was calculated from the values described above.
Intestinal mucosal sIgA and digestive enzyme assay Approximately 1 g of mucosal scrapings was suspended in 9 mL of ice-cold normal saline and mixed using an ultrasonic homogeniser. Aer centrifugation at 3000 Â g, 4 C, for 15 min, the supernatant was removed and stored at À20 C. The protein concentration of the mucosal homogenates was measured using the Bradford method. 34 Then, sIgA content was analysed using a porcine ELISA assay kit (Beijing 4A Biotech Co., Ltd., Beijing, China). The results were presented as mg sIgA/g intestinal protein. Digestive enzymes (lactase, sucrase and maltase) activities were analysed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and the results expressed as U per mg protein. One U of digestive enzyme activity was dened as 1 nmol of substrate hydrolysed per 1 mg of intestinal protein per 1 min. All procedures were performed according to the manufacturer's directions.
Total RNA extraction and reverse transcription reaction
Total RNA from the duodenal, jejunal and ileal mucosa were isolated using Trizol reagent (TaKaRa, Dalian, China) according to the manufacturer's instructions. The concentration and purity of total RNA were measured spectrophotometrically (Beckman Colter DU 800, Beckman Coulter Inc, Brea, USA). The OD 260 : OD 280 ratio (where OD is the optical density) ranged from 1.8-2.0 in all RNase-free water-treated RNA samples, which was considered a very low degree of contamination. 35 The integrity of RNA was veried by electrophoresis on 1.0% agarose gels and the 28S:18S ribosomal RNA band ratio was determined as $1.8. Reverse transcription reactions were performed using the PrimeScript™ RT reagent kit (TaKaRa, Dalian, China), following the manufacturer's instructions. Claudin-1 (CLDN-1), occludin (OCLN), zonula occludens-1 (ZO-1), Na + -glucose co-transporter 1 (SGLT1) and facilitated glucose transporter 2 (GLUT2) mRNA abundance in the duodenum, jejunum and ileum were analysed by qPCR using SYBR® Green I PCR reagents (TaKaRa, Dalian, China) and the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Richmond, CA, USA), as described by Wan et al. 36 Briey, the gene-specic primers used were synthesised commercially by Invitrogen (Shanghai, China) and are listed in Table 2 . The PCR system was composed of 5 mL SYBR® Premix Ex Taq™ II (Tli RNaseH Plus, 2Â), 1 mL of forward and 1 mL of reverse primers (4 mM), 2 mL diethylpyrocarbonate-treated water and 1 mL cDNA. Cycling conditions were as follows: 95 C for 10 s, followed by forty cycles at 95 C for 5 s, 10 s at the annealing temperature (Table 2) and at 72 C for 15 s. The melting curve conditions were 95 C for 30 s, 55 C for 1 min and 95 C for 1 min, which was carried out aer each qPCR to verify the specicity and purity of all the PCR products. Each sample was run simultaneously in triplicate on the same PCR plate. The average value of each triplicate expressed as the number of copies was used for the statistical analysis. A standard curve was established using serial dilutions of one of the complementary DNA samples, which allowed obtaining reliable amplication efficiency values (from 90-110%). For normalisation, b-actin was chosen as the reference gene because no variation in its expression was observed between treatments. The relative mRNA abundance of the analysed genes was calculated using the 2 ÀDDCt method, 37 and the messenger RNA (mRNA) level of each target gene for the CON group was set to 1.0.
Microbial population determination
Bacterial DNA was extracted from ileal, caecal and colonic digesta using the Stool DNA Kit (Omega Bio-Tek, Doraville, CA, USA) according to the manufacturer's instructions. Primers and probes (Table 2) were designed with Primer Premier 5.0 (Premier Bioso International, Palo Alto, CA) and followed 16S rRNA sequences of maximum species of each genus homology downloaded from GenBank database, European Molecular Biology Laboratory and DNA Data Bank of Japan to obtain specic amplication. The sequences of all the genera taken from the database were examined in DNASTAR MegAlign program (Madison, WI), as described by Wan et al. 38 Next, these sequences were submitted to alignment, in which the maximum number of species belonging to one genus was gathered and the regions showing conservations were picked up as genus-specic primers and probes. All the primers and probes used in this experiment were commercially synthesised by Invitrogen (Shanghai, China).
qPCR was conducted using a CFX96 Real-Time PCR System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with opticalgrade 96-well plates. For the quantication of total bacteria, the reaction mixture (25 mL) contained 1 mL forward and 1 mL reverse primers (100 nM), 12.5 mL SYBR® Premix Ex Taq™ II (Tli RNaseH Plus, 2Â), 1 mL template DNA and 9.5 mL nuclease-free water. The thermal cycling conditions were an initial predenaturation step at 95 C for 10 s, 40 cycles of denaturation at 95 C for 5 s, annealing at 60.0 C for 25 s and extension at 72 C for 60 s. For the quantication of Escherichia coli, Lactobacillus, Bidobacterium and Bacillus, qPCR was conducted in a reaction volume of 20 mL with 1 mL probe enhancer solution (20Â), 0.3 mL probe (100 nM), 1 mL forward and 1 mL reverse primers (100 nM), 8 mL RealMasterMix (2.5Â; Tiangen, Beijing, China), 1 mL template DNA and 7.7 mL nuclease-free water. The PCR conditions involved 95 C for 10 s and 50 cycles at 95 C for 5 s, 25 s at the annealing temperature (Table 2 ) and nally at 72 C for 60 s.
The threshold cycle (Ct) values and baseline settings were determined by automatic analysis settings, and the copy numbers of the target group for each reaction were calculated from the standard curves. For the quantication of bacteria in the test samples, specic standard curves were generated by constructing standard plasmids, as presented by Han et al. 39 Deoxyribonucleic acid concentrations of standard plasmids were detected using a spectrophotometer (Beckman Colter DU 800, Beckman Coulter Inc, Brea, USA). A series of tenfold dilution (1 Â 10 9 to 1 Â 10 1 copies per mL) of plasmid DNA were used to construct their respective standard curves. Each standard curve was generated by a linear regression of the plotted points with the logarithm of template copy numbers as the abscissa and the Ct values as the ordinate. The gene copy numbers were calculated by the following formula: (6.0233 Â 10 23 copies per mol Â DNA concentration (mg mL À1 ))/(660 Â 10 6 Â DNA size (bp)).
Statistical analysis
Bacterial copies were transformed (log 10 ) before the statistical analysis. Each pig was considered as an experimental unit for analyses. All data were analysed by a t-test using SAS (version 9.0; SAS Inst. Inc., Cary, NC, USA). Data are presented as the mean AE standard error, and P-values < 0.05 were used to indicate statistical signicance.
Results
COS composition
The HPLC and TOF-MS results are shown in Supplementary  Fig. S1A and S1B, † respectively. COS was a mixture of several oligosaccharides, with a degree of deacetylation >95% and an average molecular weight #1000 Da. It had a degree of polymerisation (DP) of 2-8 in the mixture, with weight percentages of 5.5, 21.1, 31.5, 26.7, 10.9, 2.9 and 1.3%, respectively. The 13 C NMR (D 2 O, 100 MHz) spectra were obtained using a Bruker AV600 MHz (ESI Fig. S2A †) MHz) spectra are shown in ESI Fig. S2B . † The resonances at 2.02 and 5.39 ppm were assigned to the N-acetyl and H-1 protons of the GlcNAc residue, respectively. The H-2 proton of the GlcNH 2 units was found at 3.04 ppm. Multiplets from 3.25-3.98 ppm corresponded to H-3-6 of the methine protons of COS, respectively.
Growth performance
Based on the results listed in Table 3 , we demonstrated that during the overall period, the COS-supplemented pigs had greater (P < 0.05) ADG compared to those in the control group. However, throughout the whole experimental period, no differences (P > 0.05) were found between the two groups regarding the ADFI and F/G. 
Apparent nutrient digestibility
According to Table 4 , we found pigs in the COS group had a higher (P < 0.05) apparent digestibility of crude protein, ash, fat and dry matter than pigs in the CON group. Also, the energy utilisation in the COS group was greater (P < 0.05) compared to the CON group. In addition, the apparent digestibility of calcium and phosphorus did not differ (P > 0.05) between the treatment groups.
Antioxidant parameters
The serum antioxidant parameter results, aer dietary treatment, are shown in Table 5 . Although supplementation with COS had no effect (P > 0.05) on serum GSH-Px activity, it signicantly enhanced (P < 0.05) serum SOD, CAT and T-AOC activities by 11.25, 50.66 and 14.35%, respectively. Moreover, MDA content in the serum was notably decreased (P < 0.05) by COS supplementation.
Immune indices
Aer dietary COS inclusion, higher (P < 0.05) IL-6, TNF-a and IgG concentrations in the serum were observed (Table 6) . Simultaneously, COS inclusion elevated (P < 0.05) sIgA content in all of the selected intestinal segments. Moreover, the proinammatory cytokine, IL-1, and the anti-inammatory cytokine, IL-10, as well as the IgA and IgM serum contents, were unaffected (P > 0.05) by dietary treatment.
Intestinal mucosal morphology Fig. 1 presents the H&E staining results of the duodenum, jejunum and ileum. We conrmed that COS ingestion caused structural duodenal change but failed to cause jejunal and ileal morphological alterations. We further calculated the duodenal, jejunal and ileal villus height and crypt depth for the two groups (Table 7) . Specically, COS supplementation promoted an increase (P < 0.05) in the duodenal villus height by 4.65%, compared to the CON group. e ADFI, average daily feed intake. f F/ G, the ratio of feed-to-gain. 
Digestive enzyme activities
The effects of COS on the digestive enzyme activities are presented in Table 8 . Compared to the CON group, COS-supplemented pigs had a higher maltase activity (P < 0.05) in the jejunal mucosa, but not (P > 0.05) in the duodenal and ileal mucosa. On the contrary, sucrase activity was higher in the duodenal and ileal mucosa, but not (P > 0.05) in the jejunal mucosa. Meanwhile, COS inclusion increased (P < 0.05) lactase activity in all of the selected intestine. Fig. 1 Histological evaluation of small intestine tissues (H&E; Â40) in weaned pigs after exposure to chitosan oligosaccharide. CON, a cornsoybean basal diet; COS, chitosan oligosaccharide (the basal diet supplemented with 100 mg kg À1 chitosan oligosaccharide). Scale bar is 100 mm. 
Intestinal microbial population
As shown in Table 9 , COS treatment markedly decreased (P < 0.05) total bacteria and E. coli populations in the caecum and colon, while increased (P < 0.05) Bidobacterium populations in the ileum. Furthermore, there were no differences (P > 0.05) in intestinal Lactobacillus and Bacillus populations between the CON and COS groups.
Intestinal mucosal gene expression
Tight junction proteins and glucose transporter gene expressions in the intestinal mucosal are shown in Fig. 2 and 3 , respectively. In the jejunum, an increase (P < 0.05) in CLDN-1, OCLN and SGLT1 mRNA abundance was observed in pigs fed COS compared to the CON group. Additionally, no changes (P > 0.05) in duodenal and ileal CLDN-1, OCLN, ZO-1, SGLT1 and GLUT2 mRNA abundance upon COS supplementation were detected.
Discussion
Oxidative stress is a general term that describes the imbalance between the relative levels of reactive oxygen species (ROS) and intra-and extracellular antioxidants wherein the amount of ROS is in excess. 40 Numerous factors, such as weaning, environmental factors and infection, can induce oxidative stress, resulting in serious economic losses during livestock production. 41, 42 Natural antioxidants, such as COS, may be used to relieve oxidative stress in livestock production. 43 MDA is the most familiar breakdown product of lipid peroxidation and its level is frequently used as a direct marker of lipid oxidative damage caused by ROS. 44 We observed COS supplementation can decrease serum MDA content in weaned pigs, thereby suggesting that COS could depress their lipid peroxidation. Scavenging capacity for free radicals is related to enzymatic and non-enzymatic antioxidant defence systems, which were measured to further identify the manner of COS-induced inhibition of oxidative damage. We observed an increase in serum SOD and CAT activities, which are representative enzymatic antioxidants in the body. 45 Furthermore, T-AOC, a participant in the non-enzymatic antioxidant defence systems, 46 was increased in the serum. These combined ndings suggested that COS can protect weaned pigs against oxidative stress by improving their antioxidant defence systems functions.
Previous studies have demonstrated that dietary COS supplementation enhanced cell-mediated immune response in early weaned pigs by modulating the production of cytokines and antibodies. 47, 48 Here, we reported that serum IL-6, TNF-a and IgG levels, were markedly increased in COSsupplemented pigs, indicating that COS supplementation efficiently elicited a humoral immune response, which may provide an advantage in increasing weaned pig immunity. 49 Moreover, an increase in the sIgA content in the total small intestine was occurred, following COS ingestion. It is wellknown that sIgA serves as the rst line of defence in protecting the intestinal epithelium from enteric toxins and pathogenic microorganisms. 50 Also, sIgA promotes the clearance of antigens and pathogenic microorganisms from the intestinal lumen by blocking their access to epithelial receptors, entrapping them in mucus and thereby facilitating their removal by peristaltic and mucociliary activities. 51 Therefore, the increased intestinal sIgA content in the COS group indicated that COS can activate the intestinal mucosal immunity. As indicated above, COS played an important immunomodulatory role in pig immune function aer weaning that is likely to be associated with changes in the intestinal and systemic immune network. Aer weaning, villus height was generally decreased, whereas crypt depth increased, in association with a reduction in the nutrient digestion and absorption capacity. 52, 53 Consequently, maintaining intestinal structural and morphological properties for digesting and absorbing various nutritional substances aer weaning is important. In the present study, greater villus height in the duodenum was found in pigs fed diets containing COS compared to the CON group. Based on the foregoing view, we showed that dietary COS can modulate intestinal morphological changes and, therefore, enhance nutrients absorption. In general, morphological changes in the intestinal tissue were accompanied by alterations in the activities of numerous brush-border digestive enzymes. On brushborder membranes, disaccharide enzymes (maltase, lactase and sucrase) serve important digestive enzymatic functions. By examining the intestinal enzymatic activities, we conrmed that COS signicantly increased the lactase and sucrase activities in the duodenum. Meanwhile, we also veried an increase in the apparent digestibility of nutrients in COS-supplemented pigs, which could be due to the higher digestive enzyme activities and enhanced intestinal morphology. On the other hand, both a higher growth performance and apparent nutrient digestibility inversely supported the improved intestinal morphology and digestive enzyme activities.
Disturbances in the intestinal barrier, characterised by increased intestinal permeability, results in translocation of luminal bacteria, toxins and antigens into the subepithelial tissues, affecting nutrient absorption. 54, 55 Therefore, an intact intestinal mucosal barrier is pivotal to ensure adequate provision of dietary nutrients to the whole body and to prevent gutrelated diseases. Weaning stress has been reported to cause remarkable disturbances in intestinal barrier function. 56 Presently, we monitored the tight junction proteins, which function as a selectively permeable barrier within the epithelial cell space, 57, 58 to evaluate intestinal permeability. Accordingly, COS supplementation elevated jejunal CLDN-1 and OCLN mRNA levels in weaned pigs, suggesting that COS could ameliorate the weaning-associated damage to jejunal structural integrity by facilitating the tight junction protein expression levels in weaned pigs. Another intriguing new discovery in the present study is that the jejunal SGLT1 mRNA level was up-regulated when pigs were fed COS-supplemented diets. Recent studies indicated that SGLT1 is the rate-limiting step for absorption of dietary glucose from the intestinal lumen into the body. 59 ,60 It appears, therefore, that COS could enhance the local glucose uptake of weaned pigs, allowing more energy for growth, which was a contributing factor in promoting growth performance by COS. Similarly, some other oligosaccharides, like cellooligosaccharide, have been shown to improve glucose absorption in the piglet small intestine aer weaning.
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Intestinal microora are crucial for maturation of the immune system and development of normal intestinal morphology. Oligosaccharides are usually dened as prebiotics that can selectively stimulate the growth of health-promoting bacteria.
62, 63 Our results demonstrated that weaned pigs fed 100 mg kg À1 COS inclusion in the diet, increased the ileal Bi-dobacteria populations and decreased the caecal total bacteria and E. coli populations. One potential explanation is that a positive charge on the NH 3 + group of the GlcN monomer of COS allows interactions with negatively charged microbial cell membranes that lead to leakage of intracellular constituents. View Article Online
